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ABSTRACT
THE SEXUALLY DIMORPHIC OUTPUT OF THE SUPRACHIASMATIC NUCLEUS
FEBRUARY 1993
BRADLEY J. CRENSHAW, B.A.
,
UNIVERSITY OF CALIFORNIA
M.S., UNIVERSITY OF MASSACHUSETTS
Ph.D., UNIVERSITY OF CALIFORNIA
Ph.D, UNIVERSITY OF MASSACHUSETTS
Directed by: Professor Geert J. De Vries
This study investigated the origin of vasopressin-
immunoreactive (AVP-ir) fibers in the medial preoptic area
(MPOA) in the gerbil hypothalamus. The MPOA contains a
sexually dimorphic area (SDA)that has a subgroup of cells
—
the SDA oars comoacta (SDApc) —which is absent in females in
Nissl-stained preparations. It was previously found that
AVP-ir fibers were clustered in a sexually dimorphic manner
in the region that houses the SDApc in males: the clusters
were much larger in males than in females. This study tried
to determine whether these AVP-ir fibers came from the AVP
cell bodies in the bed nucleus of the stria terminalis
(BST)
,
whose efferents to the SDA are sexually dimorphic, or
from the suprachiasmatic nucleus (SCN)
.
Animals in one group received cuts dorsolateral to the
SDA and ventromedial to the BST, which would transect
efferents from the BST. A second group of animals received
cuts ventral to the SDA and immediately dorsal to the SCN,
which would transect efferents from the SCN. Cuts dorsal to
the SCN eliminated AVP-ir fibers to the medial SDA (mSDA)
v
and the SDApc, whereas cuts ventromedial to the BST and
dorsolateral to the SDA left intact the AVP-ir innervation
of the MPOA. These results suggests that the mSDA and the
SDApc receive their innervation from the SCN.
In a second experiment, the retrograde tracer
fluorogold was injected into the area of the SDApc of
gerbils and stained sections of their brains
immunocytochemically for AVP. These injections labeled AVP-
ir cells in the SCN but not in the medial amygdaloid nucleus
or the BST. These double-labeled cells confirm that the SCN
is the most likely source of the sexually dimorphic AVP
innervation of the SDA.
The existence of a pathway from the SCN to the SDA
might provide a neural substrate by which the SCN can
organize reproductive processes into temporal patterns.
vi
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CHAPTER 1
INTRODUCTION
General Introduction
The temporal organization of the activities of both
plants and animals has been widely observed since early
history. Records dating from the marches of Alexander the
Great mention the diurnal variations in the movements of
plants and leaves (Moore-Ede et al., 1982), and the writer
of the Psalms likewise notes both daily patterns of animal
activity and predation, and the pattern of light and
darkness to which the behavioral rhythms are physiological
responses (Rusak and Zucker, 1975) . Whereas early thought on
the matter considered the observed rhythms as passive
responses to the environmental regularities, contemporary
investigators have found that many daily rhythms in
physiology and behavior are in fact endogenous: they run
without external cues, and they have periods of
approximately 24 hours (Moore-Ede et al., 1991) have been
added, for example, rhythms in drinking behavior (Stephan
and Zucker, 1972b), displays of lordosis (Hansen et al.,
1979; Powers, 1970), and in the sex behavior of male rats
(Sodersten et al., 1981). Humans have been found to have a
circadian organization of the sleep-wake cycle, for example,
and of cognitive performance (Mirmiran et al., 1988).
Further, there are circadian rhythms in certain
homeostatic functions, such as in body temperature (Albers
et al. ,1984a; Fuller et al.,1982; Mirmiran et al., 1988),
in
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serum plasma calcium concentrations (Calvo et al., 1991),
and in the onset and control of the LH surge in the estrous
cycle of the hamster (Albers et al., 1983; Fitzgerald and
Zucker, 1976) . Circadian rhythms have likewise been found in
the levels of certain hormones, such as corticosteroids
(Coen and McKinnon, 1980; Wiegand et al., 1980), in
parathyroid hormone (Calvo et al., 1991), and melatonin
(Goldman, 1983; Tamarkin et al., '85). Finally, there are
circadian changes in the sensitivity of neurons responding
to AVP in the hamster SCN (Liou and Albers, 1989)
,
and to
vasoactive intestinal peptide (VIP) in the rat SCN
(Takahashi et al., 89).
Such patterning of behavior and biochemical processes
appears to be organized by the SCN: dual nuclei that
function in the brain as a temporal pacemaker to generate
and regulate circadian rhythms (Moore, 1983; Rusak and
Zucker, 1979) . These rhythms reflect a biological adaptation
to the solar cycle of daylight and darkness—an adaptation
the general function of which is to integrate the
physiological needs of an organism with challenges from the
environment (Rusak and Zucker, 1975) . On such integration
the survival of the animal may well depend, so that it is
not most active at times when there is least available food,
for instance, or conversely when it might itself be
most
vulnerable to predation (Rusak and Zucker, 1975) . In
mammals, a photoneuroendocrine system in which photic
information is conducted to a neural center—the SCN—
coordinates cyclic external events and internal
autonomic
2
states. This system has three essential tasks: 1) to
generate an endogenous circadian rhythm, the cell-type of
which is not yet determined; 2) to adjust that rhythm to
external cues, mainly via the retinohypothalamic pathway
(Moore, 1972; Moore and Lenn, 1972); and 3) to inform other
target areas of the brain about that rhythm, which is
accomplished by the pacemaker's efferents to target organs
and to other neural centers that regulate hypothalamic
milieu and components of adaptive behavior (Moore, 1982)
.
There have been several general experimental strategies
that have organized proofs that the functioning of the SCN
serves as the primary biological clock in mammals. The first
experiments were ablation studies that disrupted the diurnal
rhythms of hormonal secretion, of wheel running, and of
drinking in rats (Moore and Eichler, 1972; Stephan and
Zucker, 1972a) . Lesions of the SCN were also found to
abolish the circadian organization of sleep in rats (Ibuka
and Kawamura, 1975; Stephan and Nunez, 1977). Indeed,
lesions of the SCN abolished the organization of sleep in
general: when summed over the course a one day, the amount
of sleep obtained in absolute terms by lesioned animals was
equal to that obtained by non-lesioned animal controls, but
the lesioned animals slept in random instances dispersed
over the course of the photoperiod.
Transplant studies have provided the most compelling
conceptual strategy for studying the role of the SCN in
generating biological rhythms. Workers have found that when
the SCN was destroyed in a host animal, its circadian
3
rhythms were reestablished after the SCN of a donor animal
was implanted into it (Lehman et al.,1987; Saitoh et al.,
1990) . Such studies indicate that the SCN is necessary for
the generation of rhythms, but they do not prove that it is
a sufficient cause itself of the temporal organization. For
example, the SCN could conceivably be a crucial relay switch
transmitting the temporal signal from the site of its origin
to other neural regulatory centers in the brain.
Studies that examine the cellular metabolism of the SCN
have narrowed the focus on the SCN as the pacemaker itself.
Schwartz and his colleagues have infused rats with 2-
deoxyglucose and then monitored the variations in metabolic
activity in the SCN. They found that the metabolic activity
in the SCN is highest during the day both in rats (Schwartz
and Gainer, 1977)
,
which are nocturnal animals, and in
squirrel monkeys, which are diurnal (Schwartz et al. 1983)
.
These results suggest that, whereas the internal metabolism
of the SCN is in synchrony with day and night, it does not
itself turn on or off the behaviors in which temporal
rhythms have been observed. The two animal species mentioned
here both appear to have circadian information generated in
the SCN, which they put to opposite use behaviorally . That
is, they both possess the biological clock itself, but they
have set the alarm, as it were, for different times during
the photoperiod—presumably to take advantage of the
different biological niches they inhabit.
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Patterns of Afferent Input
The different functions of the SCN— its generation,
entrainment and communication of an endogenous circadian
rhythm—have suggested there may be different
neuroanatomical mechanisms within the nuclei that oversee
them. The SCN is not homogeneous but is subdivided according
to such cellular features as neuropil volume, cell size,
cell packing density, afferent input and transmitter content
of cell bodies (Card and Moore, 1984; Mai et al., 1991;
Roberts et al., 1987; Stephan et al., 1981; Van den Pol,
1980; Watts et al., 1984). It is likely, therefore, that
this subdivision is involved in the entrainment of circadian
rhythms to external light cues. In rodents, the terminal
arborizations of the RHT are confined to the ventrolateral
portions of the SCN, and are co-extensive with the secondary
visual projections from the IGL. Neurons in the ventral
border of this region may be embedded among the axons of the
dorsal portions of the chiasm (Guldner and Wolff, 1978).
Although the rat has received the most extensive study,
other species have been examined as well, and in every
instance these retinal projections have been found to be
bilateral, though the symmetry of the projections may vary
across species. (Moore, 1973)
.
The different inputs into different regions within the SCN
may mean that the SCN can be regulated in different ways.
Its period must be set daily, for instance, or its rhythms
will free-run, and thus it may be that the mechanism by
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which the nuclei are entrained to external light cues is
located in the ventrolateral area that receives the majority
of fhe RHT and the IGL afferents. In contrast, very few
retinal fibers extend into the dorsomedial aspect of the
SCN, which receives afferent input from other areas of the
brain, and which may provide the SCN with other important
cues for entrainment, such as food availability cycles
(Richter, 1922) or social cues (Halberg et al., 1954).
Cvtochemical Organization
Neurochemical mapping also discloses significant
populations of cells, the patterns of which form a
cytochemical organization within the SCN that to some extent
coincides with the subdivision of afferent input. For
instance, substantial populations of cells that exhibit
vasoactive intestinal polypeptide-, and bombesin-
immunoreactivity are located predominantly in the ventral
regions of the nucleus, and are occasionally found embedded
in the dorsal aspect of the optic chiasm, where they may be
involved in the entrainment of endogenous rhythms to photic
information in-coming from the RHT. Cells displaying AVP-
immunoreactivity dominate the dorsomedial region—an area
not characterized by visual input (Van den Pol and Gores,
1986; Van den Pol and Tsujimoto, 1985). In these cells may
originate the efferents projecting to various
neuroregulatory centers by which circadian rhythms are
communicated to organize such processes as the patterned
release of cortisol from the paraventricular nucleus of the
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hypothalamus (PVN) (Buijs et al., 1991), and such functions
as male sex behavior (Sodersten et al., 1981). Further,
cells immunoreactive for nerve growth factor receptors have
likewise been located primarily in the ventrolateral region
of the SCN (Sofroniew et al., 1989).
However, there are also a number of peptides evident in
the SCN that appear generally distributed throughout the
nucleus, indifferent to the afferent subdivisions. For
instance, cells containing immunoreactivity for neurotensin,
thyrotropin releasing hormone and angiotensin II have been
described in no particular constellation of cells (Watts and
Swanson, 1987) . Such heterogeneity among the neurochemical
populations of cells suggests a related heterogeneity in the
function of the various subparts of the nuclei .
Patterns of Interior Circuitry
Mapping of fiber-staining immunoreactivity discloses
similar, though not identical, patterns of chemically
distinct regions within the SCN, which suggests that the
interior circuitry of the nucleus is at least partially
similar to the chemical distribution of cell bodies. For
instance, vasoactive intestinal polypeptide- and bombesin-
immunoreactive fibers appear to ramify in ventral areas of
the nucleus (Van den Pol and Tsujimoto, 1985). However,
unlike the distribution of AVP-immunoreactive cells,
AVP/neurophysin- immunoreactive fibers are not limited to
the dorsomedial region, but ramify generally throughout the
interior of the SCN. Serotonin-immunoreactive axons have
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been located in high density throughout the SCN, and do not
appear restricted to any given subarea within the nucleus,
and somatostatin—immunoreactive fibers have similarly been
found in all regions within the nucleus, with terminal
boutons distributed throughout (van den Pol, 1991) . Finally,
GABA immunoreactivity is found in the highest intensities of
all immunoreactive substances yet studied and is distributed
generally throughout the SCN (van den Pol and Tsujimoto,
1985) . The complex patterns of interior circuitry may be
involved in coordinating the activity of SCN neurons, or
communicating rhythmic information to the SCN efferents
through which the SCN communicates with the rest of the
brain.
Patterns of Efferent Connections: Intrahypothalamic
Projections
Preoptic Area
Despite the widespread evidence of behavioral and
physiological rhythms, demonstrating connections between the
SCN and the functional systems it purportedly influences has
proven unexpectedly difficult. Several workers have found
only sparse innervation from the SCN to the preoptic area,
for instance, which houses the regulatory centers of such
salient, temporally patterned functions as reproduction,
sleep and fluid balance (Stephan et al., 1981; Watts et al.,
1987) . Few efferents have been detected by these
investigators, and those found were located only in the
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periventricular parts of the preoptic region and the dorsal
border of the chiasm (Berk & Finkelstein, 1981; Stephan et
al., 1981; Watts et al., 1987). Watts has found, however,
that injections of Phaseolus-leucoagglutinin (Pha-L) into
the peri—SCN area illuminated a dense plexus of fibers
ramifying throughout in the preoptic region (Watts et al.,
1987)
,
which has suggested that the peri-SCN area is
involved in transferring temporal information from the SCN
to the regulatory centers of the preoptic area. Such sparse
connections from the SCN to areas other than the peri-SCN
area is in notable contrast to the findings of other
investigators, who have found robust AVP-ir efferents from
the SCN to several areas around the third ventricle
(Hoorneman and Buijs, 1982)
.
The Dorsocaudal Pathway to the Subparaventricular Zone
The major efferent projections from the SCN exit
dorsocaudally from the nuclei to run ipsolaterally toward
the ventral border of the paraventricular nucleus of the
hypothalamus (PVH) (Berk and Finkelstein, 1981; Stephan et
al., 1981; Watts et al., 1987). According to Watts, the
efferents do not appear to innervate preferentially any of
the several nuclei in the region, but rather are constrained
to a region below the PVH which Watts has termed the sub-
paraventricular zone (sPVHz) of the hypothalamus (Watts, et
al., 87). This region encroaches upon the borders of several
neighboring nuclei, such as the PVH, the dorsomedial nucleus
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(DMH) and the ventromedial nucleus ( VMH)
. The morphology of
the SCN efferents immunoreactive to PHA-L suggests that the
sPVHz is a terminal field for these efferents. They have
terminal boutons that are morphologically typical of the
boutons observed in fibers exiting from the SCN to make
synaptic contact with other neurons in the vicinity. The
morphology suggests that as the SCN efferents ramify in the
sPVHz
,
they are making synaptic contact with neurons in the
surround (Watts et al., 1987).
Within the sPVHz, there is a neurochemical
architectural pattern in which AVP-ir fibers seem to be
distributed in the medial part, and VIP-ir fibers are
distributed in the lateral part. Watts find neither AVP-ir
nor VIP-ir fibers continuing into the PVH or the DMH, though
Hoorenman and Buijs (1982) find AVP-ir fibers extending into
the DMH. Injections of the retrograde tracer. True Blue,
into the lateral part of the sPVHz illuminated more
retrogradely labeled VIP cells in the SCN than did
injections into the medial part of the sPVHz (Watts &
Swanson, 1987) . These retrograde injections, however, lit up
no more than 20% of the VIP cells in the SCN. Tracing
studies have likewise indicated that targets of sPVHz
neurons are similar to those of the SCN itself, though the
density of that innervation is typically greater than the
density of the SCN efferents. Further, there appears to be a
pattern to the innervation: areas of the sPVHz proximate to
the SCN tend to project more heavily to the preoptic area
than elsewhere, whereas areas distal to the SCN tend to
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project more heavily to the lateral septal nucleus and the
periaqueductal grey (Watts et al., 1987).
Such anatomical arrangement of the sPVHz and the peri-
SCN suggests a complex system of efferent communication from
the SCN by which the circadian message is conveyed to other
areas of the brain. The SCN may communicate directly to
neuroregulatory centers (Buijs et al., 1991), and it may
likewise transmit the temporal signal to a bank of cells in
the peri-SCN and the sPVHz, which in turn connects to other
neural centers (Watts et al., 1987). In this system, the SCN
may provide an original temporal message that is transmitted
to the peri-SCN and the sPVHz to be augmented, modified, and
integrated among different brain centers that in turn
contribute to complex timed behaviors and physiological
processes
.
Patterns of Efferent Connections: Extrahvoothalamic
Projections
The SCN is not limited to hypothalamic nuclei in its
projections, but innervates important extrahypothalamic
targets as well. A compact pathway has been observed
extending to the paraventricular (PVT) and paratanial (PT)
nuclei of the thalamus (De Vries et al., 1985; Hoorneman and
Buijs, 1982; Watts and Swanson, 1987). The peri-SCN area and
the sPVHz likewise project to these nuclei (Watts et al.,
1987) . A small projection has been traced from the SCN to
the lateral septal nucleus (LS) and laterally into the
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intergeniculate leaflet of the lateral geniculate nucleus of
the thalamus (Stephan et al., 1981; Watts et al., 1987).
These are relatively sparse pathways from the SCN whose
targets appear to receive a significantly heavier
innervation from cells located in both the peri-SCN and the
sPVHz in the case of the lateral septal nucleus, and from
cells located only in the peri-SCN area in the case of the
intergeniculate leaflet (Stephan et al., 1981;. Watts et
al.
,
1987)
.
Discrete pathways also suggests that the SCN can
independently influence various functions, such as the
rhythmical release of corticosterone from the PVH. Buijs and
his colleagues have found that infusions of AVP into the
paraventricular-dorsomedial hypothalamic nucleus inhibits
the release of plasma corticosterone (Buijs et al., 1991).
Further, they note that if the SCN is lesioned, then the
circadian variation in the plasma level of corticosterone is
abolished. These levels—which peak during the dark phase of
non-lesioned controls, and reach their nadir during the
light phase—remain constant in the SCN-lesioned animals.
Taken together, these findings suggest that the AVP
efferents from the SCN to the paraventricular-dorsomedial
hypothalamic nucleus inhibits the release of plasma
corticosterone during the light phase of the photoperiod.
Other functions may well be driven by a similarly discrete
pathway, though further pathways have not as yet been
revealed.
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Rhythms in Motivated Behavior
Even though the behavioral output of many motor areas
indicates that these areas receive a circadian signal, the
SCN does not innervate nuclei with direct motor functioning-
-which perhaps complicates the conceptual picture of the
SCN ' s function in the modulation of rhythms in behavior. For
one thing, the SCN does not serve merely as a bi-modal
switch that somehow activates a behavior when the time
comes, and then deactivates it once its photoperiod is
completed. It would scarcely be advantageous to a rodent,
for example, to be rigidly entrained to periodic rhythms in
sex behavior regardless of situational constraints, such as
increased predation or decreased food supply. Rather, what
might seem conceptually more appropriate are temporal
patterns that could be influenced by environmental cues
other than photoperiod. To achieve such behavioral
flexibility, an oscillator in isolation would not serve as
well as a pacemaking system in which the temporal signal was
be one of several neural inputs into regulatory centers that
could integrate a variety of salient environmental
information before activating motor systems further
downstream.
The conceptual arrangement may be analogous to the fuse
box in a house: there is one power source that connects to a
bank of circuit breakers. It is commonly to the breakers
that the motor appliances are connected: kitchen stove,
refrigerator, living room lights, washer and dryer, and so
on. Different patterns in the use of the several appliances
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can be variably organized without having to tamper with the
incoming power—assuming, of course, that the current is in
fact on. The analogy to the SCN and its pattern of efferents
is over-simplified here, since the pacemaker appears to have
discrete pathways to neural centers regulating functions
(Bui j s et al., 1991). However, the prominent SCN connections
the peri—SCN and the sPVHz can either function to
integrate the circadian signal among a distinct set of
neural inputs that carry information about other independent
environmental conditions, or can function to relay the
temporal message to other downstream neural areas where such
integration can occur.
The SCN in Sex Behaviors
Regardless of the potential conceptual sweetness of
this model anatomical system, there is in fact little
unambiguous data specifying just how the SCN organizes
patterns of behavior. A central difficulty underlying the
lack of clarity is the general issue of relating particular
brain structures to particular behavioral functions. Any
given structure is likely to be implicated in multiple
functions, which greatly complicates the interpretive
puzzle. Further, in many instances the web of
interconnections among structures is not fully unravelled.
For these reasons reproductive functions provide an
attractive model for studying the structural features of the
SCN and the functions that it ostensibly influences. For one
thing, there are clear rhythms in aspects of both the
14
behavior itself and the physiological components underlying
it. The LH surge in female estrous, for instance, appears to
be regulated by a circadian pacemaker, which in males may be
disconnected from the neural centers that regulate the surge
since males do not show an LH surge even when put under
hormonal conditions similar to those that in females allow
it (Albers et al.,1983; Zucker et al., 1980).
Such a sexually dimorphic function would suggest a
structural dimorphism underlying it, though the specific
neuroanatomical differences responsible for the dimorphic
function have yet to be specified. The SCN is indeed
sexually dimorphic in its synaptic patterns (Guldner, 1982)
,
its shape and volume (Hofman et al., 1988; Robinson et al,
1986; Swaab et al., 1985), and cell numbers (Guldner, 1983),
but none of these differences have been related to
differences in the LH release (De Vries, 1990) . Similarly,
there are sex differences in the AVP immunoreactive
efferents from the SCN to the anteroventral portion of the
periventricular nucleus (Watson et al., 1984), which is
involved in the patterned release of LH (Wiegand and
Terasawa, 1982)
,
but it is not known whether AVP regulates
LH release (De Vries, 1990)
.
15
Rhythms in Male Sex Behavior
aspects of sexually dimorphic reproductive
functions also have pronounced circadian patterns. For
instance, male rats display a circadian pattern in
ejaculation latencies which are decreased late in the dark
phase of the photoperiod and increased late in the light
phase (Sodersten and Eneroth, 1980). This rhythm is
independent of fluctuations in the concentrations of serum
testosterone (Sodersten and Eneroth, 1980; Sodersten et al.,
1980) . The SCN is likely to govern this temporal
organization since lesions in the SCN eliminate the temporal
patterning of sex behavior. SCN-lesioned animals display
shorter ejaculation latencies than control-lesioned animals
during the light phase of the photoperiod, but no display
difference in latencies during the dark phase (Sodersten et
al., 1981). These findings suggest that the SCN inhibits sex
behavior during the light phase.
The regulatory centers of ejaculation in rats are not
yet known, though the MPOA in many rodent species has been
implicated in aspects of sex behavior (Bleier et al., 1982).
Although one lesion study of the SDN-POA in rats has
suggested that the area is not critical for the maintenance
of copulatory behavior in male rats (Arendash and Gorski,
1983)
,
other studies have indicated a central role for the
SDA in male sexual behavior. Anderson and his colleagues
have found strong positive correlations between the volume
of the SDN-POA of male rats and sexual activity, which his
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group defines as at least one ejaculation during their test
period (Anderson et al., 1986). Further, lesions of the SDN-
POA in female rats that were ovariectomized and chronically
treated with testosterone greatly reduced masculine sexual
behavior (Turkenberg et al., 1988). In male gerbils the SDA
likewise appears to be involved in copulatory behaviors
since bilateral lesions that destroy 25% to 100% of the SDA
significantly disrupt copulation (Commins and Yahr, 1984). A
subsequent study found that discrete lesions in either the
mSDA or the SDApc virtually eliminate copulation (Yahr and
Gregory, unpublished observations)
.
The Role of the SCN in Female Sex Behavior
The SDA may likewise be involved in the control of the
lordosis response. Hennessey and his colleagues have found
that the most effective lesions for increasing the display
of lordosis in male rats involved the SDN-POA (Hennessey et
al., 1985). And as in male sex behavior, there is a similar
circadian pattern to displays of lordosis among female rats,
and among male rats who have been neonatally castrated or
treated neonatally with antioestrogen (Hansen et al., 1979).
There is greater frequency of lordosis during the dark than
during the light phase of the photoperiod (Sodersten et al.,
1985) . The rhythm of lordosis among female rats (and
appropriately treated male rats) is in synchrony with the
rhythm of sexual receptivity (as measured by ejaculation
latencies) among male rats—which one might predict since
mating would be more efficient between independent genders
17
if the rhythms of sexual activity for each partner are
synchronous rather than asynchronous. And in turn, the
rhythms of both female lordosis and male mounting are
negatively correlated with observed rhythms of AVP in the
CSF (Schwartz et al., 1983; Schwartz and Reppert, 1985), and
in the SCN (Sodersten et al., 1985). The time of highest
frequency of sexual responsiveness is likewise the time of
lowest quantity of AVP in the CSF and in the SCN.
It is possibe that the AVP-ir efferents from the SCN
transmit a circadian message to the SDA, which may influence
the circadian rhythms observed in aspects of male and female
sex behaviors. The SDA receives a dense, and sexually
dimorphic AVP-ir innervation, which is not notably
influenced by the presence or absence of gonadal hormones
(Crenshaw et al., 1992). This suggests that the AVP
immunoreactive fibers in the SDA are not derived from the
cell bodies in the bed nucleus of the stria terminalis
(BST)
,
which cease to produce AVP after castration (De Vries
et al., 1985; Miller et al., 1989; Miller et al., 1990), but
from the other major source of AVP-ir fibers to the
forebrain, the SCN. The purpose of the present study is to
clarify the origin of the AVP-ir fibers innervating the SDA,
and in the process disclose a functional connection between
the circadian pacemaker of the brain and a neural center in
the MPOA that has been implicated in the control of sex
behaviors in which circadian rhythms have been observed
18
Figure 1: Camera lucida drawing of a representative section
from a male gerbil with a unilateral knife cut just above
the SCN (stippled line on the right side) . Lines and dots
represent the distribution of AVP-ir fibers and cells,
respectively. Note the considerable reduction in AVP lr
fiber innervation of the mSDA and SDApc of the lesioned
side
on the right as compared to the intact side on the
left.
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Figure 2: Camera lucida drawing of a representative section
from a male gerbil with a unilateral knife cut severing the
decending AVP-ir fibers from the BST (stippled line on the
right side) . Lines and dots represent the distribution of
AVP-ir fibers and cells respectively. Note that severing
the decending AVP-ir fibers does not alter AVP-ir fiber
innervation in the SDApc.
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Figure 3: Camera Lucida
drawings of
representative sections
through the SON of a male
gerbil injected with the
retrograde tracer flouro-
gold in the SDApc, and
co-labeled
immunocytochemically for
AVP using texas red. The
hatched area in 3A shows
the general injection
site of the retrograde
tracer, while the black
area in the insert shows
the center of the
injection site. Figures
3B-E show consecutive
sections through the SCN
with cells retrogradely
labled with fluoro-gold
(dark circles) , cells
labeled with AVP ( open
circles )
,
and cells co-
labeled with fluoro-gold
and texas red (open
circles with dark
center)
.
E
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CHAPTER 2
ORIGIN OF THE VASOPRESSIN-IMMUNOREACTIVE INNERVATION OF THE
MEDIAL PREOPTIC AREA IN GERBILS
Introduction
The Suprachiasmatic Nucleus (SCN) is thought to
organize the temporal patterning of reproductive functions
in rodents. Daily rhythms have been observed in ejaculation
latencies in male rats (Sodersten and Eneroth, 1980)
,
and in
the lordosis response of female rats (Hansen, et al., 1979;
Sodersten et at.
,
1985) . There also is a circadian
organization of the estrous cycle in the golden hamster
(Fitzgerald and Zucker, 1976) and in the rat (Albers et al.,
1984; Ma et al., 1990; Wiegand & Terasawa, 1982). Yet
despite the widespread evidence of behavioral rhythms,
connections from the SCN to the functional systems it
purportedly influences has been unexpectedly hard to
demonstrate (Watts et al., 1987). In particular, connections
appear to be sparse from the SCN to the medial preoptic area
(MPOA)
,
which appears to house neural regulatory centers
involved in reproductive behaviors (Arendash, & Gorski,
1983; Christensen et al., 1977; Commins and Yahr, 1984;
Ginton and Merari, 1977; Gorski et al., 1978; Malsbury,
1971)
.
However, a recent study (Crenshaw et al, 92) has
suggested that the SCN might be the source of a dense
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vasopressin (AVP) innervation of one such regulatory center,
the sexually dimorphic area ( SDA) of the medial preoptic
area (MPOA) of gerbils. The AVP innervation of the SDA is
not notably influenced by the presence or absence of gonadal
hormones (Crenshaw et al., 1992), which suggests that the
AVP immunoreactive fibers in the SDA derive from cell bodies
in the SCN, which do not lose their immunoreactivity after
castration, and not from the cell bodies in the bed nucleus
of the stria terminalis (BST)
,
which do lose their AVP
immunoreactivity (De Vries et al., 1985; Miller et al.,
1989; Miller et al., 1990). The purpose of the present study
is to clarify the origin of the AVP-ir fibers innervating
the SDA.
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Methods and Materials
Experiment 1
Gerbils (meriones unguiculatus) were obtained from
Tumblebrook Farms (West Brookfield, MA) at 90 days of age.
Stereotaxic surgeries were performed on 20 male gerbils. All
animals were placed in a stereotaxic apparatus (incisor bar
4 mm above intra-aural zero) equipped with a Kopf knife. For
the SCN cuts, the retracted knife blade was lowered
vertically through an opening in the skull into the third
ventricle using the following coordinates: 0.21 mm rostral
to Bregma; 0.0 mm lateral to sinus; 6.5 mm ventral to sinus.
The cutting edge was positioned parallel to the ventricular
walls and pointing in an anterior direction. The edge was
then extended and rotated 180 degrees in a counter-clockwise
direction. The edge was retracted and the knife blade was
withdrawn from the brain.
For the BST cuts, the Kopf knife was lowered vertically
through an opening in the skull at these coordinates: 0.21
mm rostral to Bregma; 1 mm lateral to sinus; 5.5 mm ventral
to sinus. Once positioned, the edge was rotated 360 degrees
before being retracted and withdrawn from the brain.
Coordinates for both the SCN and BST cuts were based on
those used in a previous study (De Vries et al., 1985). The
areas of the SCN and the BST cuts were selected to increase
the chance that possible AVP-ir efferents from the SCN and
BST to the SDA would be transected. Both cuts were in areas
that contain AVP-ir fibers in gerbils, and that show
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anterograde labeling from the SCN and the BST (Watts et al.,
1987; De Vries et al., 1985).
Six weeks after surgery all animals were deeply
anesthetized with Nembutal and perfused through the
ascending aorta with 50 ml 0.9% saline, followed by 5%
acrolein in 0.1 M phosphate-buffered saline (pH 7.2) for 5
minutes (about 300 ml/animal) . The brains were removed and
50-micron coronal sections through the forebrain were cut
with a vibratome.
Immunocvtochemistrv . Free-floating sections were
incubated with the following solutions at room temperature
unless otherwise specified: 1) 0.05 M Tris-HCl, pH 7.6,
containing 20% goat serum, 0.9% NaCL, and 0.5% Triton X-100
(Tris-Triton)
,
15 minutes; 2) rabbit anti-AVP serum (ICN,
Lisle, II) 1:2000 in Tris-Triton, for 48 hours at 4 degree
C; 3) Tris-Triton, 15 minutes; 4) goat-anti-rabbit-IgG (ICN)
serum 1:150 in Tris-Triton, 45 minutes; 5) Tris-Triton, 15
minutes; 6) peroxidase-antiperoxidase complex (PAP; ICN) in
Tris-Triton, 45 minutes; and 7) Tris-Triton, 15 minutes.
After repeating incubations 4-7, the sections were rinsed
once for 5 minutes in 0.5 M Tris-HCl, pH 7.6, then rinsed
twice for 5 minutes each in 0.9% NaCl (Tris-NaCl) , and
incubated for 20 minutes in 0.05% 3-3 ' -diamino-benzidine
(DAB) in Tris-NaCl with 0.003% hydrogen peroxide. After
three 5-minute rinses in Tris-NaCl, sections were mounted
on
slides, air dried, and cover-slipped. Three controls
were
done for specificity of staining. First, sections
of gerbil
brains were incubated with rabbit anti-AVP that
had been
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previously treated with 50 micro—Molar AVP. Second, sections
from the brains of homozygous Brattleboro rats, which
produce an aberrant precursor of AVP, were incubated with
anti-AVP. No detectable fiber staining was present in the
areas that we studied in either case. Third, sections of
gerbil brains were incubated with rabbit anti-OXT (VA10)
that was kindly donated by Dr. Harold Gainer at NIH,
Bethesda, MD. This antiserum does not cross-react with AVP
(Alstein et al., 1988). It revealed a dense plexus of thin-
caliber fibers in the periventricular nucleus of the
hypothalamus, but not in the SDA or lateral septum. The
latter two areas showed only some scattered fibers, which
had the same appearance as the neurosecretory fibers found
in the hypothalamo-hypophyseal tract.
Analysis of AVP-ir Fiber Distribution . Camera lucida
drawings were made of the distribution of AVP-ir cells and
fibers in the MPOA-AH of one gonadally intact male. These
were done at 10X under darkfield illumination. Further, AVP-
ir fiber density was examined under brightfield illumination
in which the AVP-ir fiber plexes covering the areas of the
mSDA and the SDApc in the non-lesioned hemisphere were
compared to the same areas in the contralateral lesioned
hemisphere.
Experiment 2
In the second experiment, 10 male gerbils under
Nembutal anesthesia were placed in a stereotaxic apparatus
(incisor bar 4 mm above intra-aural zero). A glass
26
micropipette (tip diameter 35-50 micrometers) was lowered
vertically through an opening in the skull and dura matter
in the left hemisphere. The coordinates for the SDApc were:
0.2 mm rostral of Bregma; 0.5 mm lateral to sinus; 6 mm
ventral to sinus, fluoro-gold was injected iontophoretically
by applying a positive current of 5 micro-Amp in pulses (7
seconds on, 7 seconds off) for 10 minutes. To prevent
movement of fluoro-gold back into the pipette track, the
pipettes remained in place for 5-10 minutes after injection.
Five days after surgery all animals were deeply anesthetized
with Nembutal and perfused with 4% paraformaldehyde in a 1 M
sodium phosphate buffer. The brains were removed and 50-
micron coronal sections through the forebrain were cut with
a vibratome.
Immunocvtochemistrv . Free-floating sections were
incubated with the following solutions at room temperature
unless otherwise specified: 1) 0.05 M Tris-HCl pH 7.6
containing 20% goat serum, 0.9% NaCl and 0.5% Triton X-100,
10 minutes; 2) rabbit anti-AVP serum (ICN-Lisle, IL) 1:2000
in 0.05 M Tris-HCl, pH 7.6, containing 2% goat serum, 0.9%
NaCl and 0.5% Triton X-100 (Tris-Triton) ; 3) Tris-Triton, 3
rinses at 5 minutes each; 4) biotinilated goat anti-rabbit
serum (Vector #BA1000, Burlingame, CA) 1:500 in Tris-Triton;
5) Tris-Triton, 2 rinses at 5 minutes each; 6) 0.05 M Tris
HCl
,
pH 7.6, containing 0.9% NaCl (Tris-NaCl) , 5 minutes; 7)
Texas Red DCS (Vector #A-2016) 1:100 in Tris-NaCl, 45
minutes; 8) Tris NaCl, 3 rinses for 5 minutes each. Sections
were mounted and air-dried before cover-slipping in
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Krystalon (Columbia Diagnostics)
.
Brain sections were examined at 10X through two filters: a
UV filter to view the fluoro-gold labeling, and a green
filter to view the Texas Red labeling. The distribution both
of cells retrogradely labeled with fluoro-gold, and of AVP-
ir cells were studied on a computerized image analysis
system (Image 1.40). Sections were viewed through a DAGE MTI
camera (Model CCD722, Michegan City, Indiana), and the
images were captured using the Image 1.40 software (Dr.
Rasbaud of NIH)
. Each image was captured first under the uv
filter, and subsequently under the green filter, which
allowed comparisons of labeled cells in order to determine
which were doubled-labeled with Texas Red and with fluoro-
gold. Tracings of the cell distributions were made from the
captured images displayed on the computer screen.
Results and Discussion
The MPOA in the intact right hemisphere of all animals
displayed similar distributions of AVP-ir fibers. In the
area surrounding the SDA, AVP-ir fibers were dense in the
periventricular nucleus and the area just dorsal to the SDA,
but were sparse lateral and ventral to the SDA. The density
of the AVP-ir fibers also varied within the SDA. The rostral
and medial portions of the mSDA, which adjoin the
periventricular nucleus, were densely innervated with AVP-ir
fibers. Further, caudally and laterally within the mSDA, the
density of AVP-ir fibers decreased, except for a dense
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plexus of labeled fibers in the SDApc in males and in a
comparable site in females. Cell bodies containing AVP were
seldom seen in the SDA. This pattern of innervation does
not differ from that reported earlier for intact male
gerbils (Crenshaw et al., 1992).
However, in animals that received cuts immediately
dorsal to the SCN, the distribution of AVP-ir fibers in the
MPOA of the lesioned hemisphere differed significantly from
that of the contralateral hemisphere. Because essentially
the same effects were found in all animals that received
these cuts, one animal is discussed here in detail. The
lesion dorsal to the SCN severed fibers leaving the nucleus
in a dorsal direction. A dense fiber bundle coursed from the
SCN lateral to the 3rd ventricle until reaching the lesion
site. Above this juncture, virtually all AVP-ir fibers
ceased. Dense fiber staining ventral to the cut suggested
that AVP piled up at the proximal site of the lesion. In
contrast to the innervation visible in the contralateral
hemisphere, there was only the sparsest scattering of AVP-ir
fibers in the areas of the periventricular nucleus distal to
the cut, and the mSDA or the SDApc. Cell bodies
immunoreactive to AVP were still visible in the
periventricular nucleus (Figure 1) .
In animals that received cuts dorsolateral to the SDA
and medioventral to the BST, the distribution of AVP-ir
fibers in the MPOA did not differ between both hemispheres.
Because essentially no differences in AVP-ir fiber density
were found among the effects of these cuts, the fiber
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distribution of one animal is displayed in detail in Figure
2. Although the AVP-ir innervation of the mSDA and the SDApc
of this animal did not differ from the non-lesioned
hemisphere, other areas showed changes, the most evident of
which was the unilateral decrease of AVP-ir fibers in the
lateral septum, which showed diminished AVP-ir fiber density
in the lesioned hemisphere.
That SCN
,
but not BST cuts decreased AVP-ir fiber in
the mSDA and the SDApc suggests that the SCN is a likely
origin for the efferents. Efferents from the BST might
follow a pathway other than the one transected in this
study, although the decreases in the density of AVP-ir
fibers in the lateral septum suggest that BST efferents were
indeed cut since the lateralseptum receives its AVP-ir
innervation from the BST (De Vries et al., 1985). However,
even though the SCN cuts apparently severed AVP input to the
SDA, in principle such cuts could have severed fibers of
passage from a different source.
The findings of the retrograde tracing confirm the SCN
as the origin for the AVP-ir fibers in the mSDA and the
SDApc. In the animals receiving fluoro-gold injections,
three of the injection sites were centered directly in and
limited chiefly to the SDApc itself, and six other
injections were centered in the mSDA overlapping the SDApc.
The results of one animal is discussed here in detail, which
received an injection the center of which was immediately
lateral to the SDApc, and the perimeter of which overlapped
the SDApc and extended into the lateral SDA (Figure 3A) . The
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injection site was defined as the area in which cells were
homogeneously labeled with fluoro-gold. Tracer from this
injection site densely labeled cells throughout the extent
of the SCN
,
in the dorsal aspect of the SCN, and in the
Per ^“SCN region. The labelling was bilateral, though the
hemisphere containing the injection site contained the
heavier labeling (Figure 3B-E) . Many of these cells in the
SCN were co-labelled immunocytochemically with AVP antibody,
the distribution of which was strictly unilateral and
predominately, though not exclusively, limited to the
dorsolateral portion of the nucleus (Figure 3B-E) . Cells in
the BST were also retrogradely labeled by the fluoro-gold
tracer injected into the SDApc. However, none of these cells
were co-localized with AVP.
The localization of fluoro-gold in AVP-ir cells
confirms the existence of an efferent pathway extending from
the SCN to the MPOA (Hoorneman and Buijs, 1981; Watts et
al., 1987) that uses AVP as its neuropeptide. Although a
portion of the fluoro-gold tracer inevitably leaked into the
lateral part of the SDA (1SDA), AVP-ir fibers are very
sparse in this area (Crenshaw et al., 1992), which suggests
that the cells in the SCN co-labelled with AVP and fluoro-
gold were labeled by tracer that was most likely picked up
by efferents in the SDApc and not in the 1SDA. The more
medial injections labeled many more AVP cells in the SCN
than the displayed injection, but these injections impinged
on the periventricular nucleus, which receives a dense AVP
innervation from the SCN. (Hoorneman and Buijs, 1982)
.
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The results of the cuts immediately dorsal to the SCN
are consistent with the results of ablations of the SCN,
which eliminated AVP staining in the periventricular nucleus
(Hoorneman and Buijs, 1982), among other brain areas whose
AVP content is independent of gonadal hormones. Such
ablations did not alter AVP-ir fibers in such areas as the
lateral septum, the lateral habenula nucleus and the
amygdala (Hoorneman and Buijs, 1981), whose AVP innervation
is influenced by the presence of testosterone (De Vries et
al., 1985). These authors, however, did not address the AVP
innervation of the MPOA, whereas investigators such as Watts
et al. (1987) did suggest the existence of SCN efferents to
this area, but found only a sparse innervation. The finding
of AVP-ir efferents from the SCN to the SDA in the present
study are in fact consistent with the results of Watts et
al. (1987) in distribution but not in quantity, since we
find a robust AVP innervation in the MPOA. The difference in
the results of the two studies may be caused by the limited
injections of Watts et al. into the SCN, which may have
labeled only a subset of the AVP-ir neurons that project to
the SDA.
The AVP efferents from the SCN to the SDA may provide a
neural substrate for the circadian organization of aspects
of male sexual behavior. Bilateral lesions of cell bodies in
either the mSDA or the SDApc virtually eliminate copulatory
behavior of castrated male gerbils given testosterone (Yahr
and Gregory, unpublished observations) . And radiofrequency
lesions of either the 1SDA or the SDA in its entirety will
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impair mating behavior in gonadally intact males (Commins
and Yahr, 1984). Likewise, the volume of the SDN-POA and
sexual activity of male rats correlates positively (Anderson
et al., 1986). The AVP efferents of the SCN, therefore,
innervate an area that has been implicated in male sexual
behavior, and since there are circadian rhythms in the AVP
content and production in the SCN (Schwartz et al., 1983;
Schwartz and Reppert, 1985; Sodersten et al., 1985), rhythms
in the activity of the AVP-ir innervation of the SDA may
marshall reproductive behavior into temporal patterns.
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CHAPTER 3
GENERAL DISCUSSION
The research in this thesis indicates that the AVP
innervation of the SDA originates in the SCN. This
innervation is sexually dimorphic (De Vries and Yahr, 1987;
De Vries et al., 1989; Crenshaw et al., 1992). The AVP-
immunoreactive fiber density of the mSDA in male gerbils is
two to three times as dense as the innervation of the mSDA
of females. Further, the cross-sectional area of the AVP-ir
fiber plexus that covers the SDApc is four times as great in
males as in females, although there is no dimorphism in the
fiber density of this cluster. Such sex differences are
commonly observed among AVP pathways, which in many areas
are denser in males than in females. Many of these sexually
dimorphic pathways are also steroid dependent: they lose
their AVP content after castration (De Vries et al., 1983;
De Vries et al., 1985).
However, unlike other sexually dimorphic AVP pathways
—
which originate in the BST (De Vries et al, 1981; Van
Leeuwen et al., 1985) —the density of AVP-ir fibers in
neither the mSDA nor the SDApc is affected by gonadectomy or
exogenous testosterone (Crenshaw, et al., 1992), which
suggests they have a different origin. This thesis shows
that the presence of AVP-ir fibers in both the mSDA and the
SDApc is not affected by cuts in areas that severed BST
efferents, but is significantly affected by cuts dorsal to
the SCN. Such cuts prevented the staining of AVP-ir fibers
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in the mSDA and SDApc, which suggest that the cuts
transected AVP efferents from the SCN to these areas. This
finding was corroborated by the injections of the retrograde
tracer fluoro-gold into areas containing the SDApc, which
labeled AVP-ir cells in the dorsolateral SCN.
That the SCN is found to provide the AVP input to the
SDA suggests that the AVP efferents of the pacemaker may be
involved in the circadian rhythms observed both in male and
female sex behaviors discussed in Chapter 1, since as has
been outlined in the same Chapter, the SDA has been
implicated in male sex behavior while homologous areas in
other rodents are also involved in female sex behavior.
The SCN and Aging
A better understanding of possible involvement of AVP
projections from the SCN in the circadian rhythms of both
male and female sexual activity may similarly increase the
understanding of the effects of naturally occurring injuries
to the SCN during aging. Among senescent animals,
disturbances in the circadian rhythm of sexual behavior have
likewise been noted, as have similar disturbances in
locomotor activity (Martin et al., 1986; Peng and Kang,
1984; Peng et al., 1980; Pickard and Zucker, 1986), eating
and drinking (Kavaliers and Hirst, 1985; Kavaliers and
Hirst, 1986; Peng and Kang, 1984; Peng et al., 1980), and
sleep-wake cycles (Ingram et al., 1982; van Gool et al.,
1987; Welsh et al., 1986). Peng et al. (1980) were among the
first to attempt to correlate age-related changes in some
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behavioral rhythms with neuronal changes in the SCN, which
be the purported cause of them. His group was unable
to find significant correlations, however, between gross
cell numbers in the SCN and age-associated disturbances in
activity rhythms or in patterns of eating and drinking, but
their conceptual strategy was sensitive neither to
structural nor to neurochemical subcomponents within the SCN
that may be preferentially associated with a given function.
Subsequent investigators have sought to specify the
effects of aging on particular subpopulations of cells in
the SCN. Immunocytochemical staining for vasoactive
intestinal peptide (VIP)
,
for instance, when analyzed by
morphometric analysis, revealed a 36% decrease of VIP-ir
neurons in the SCN of old compared to young rats (Chee et
al., 1988). VIP enhances REM sleep (Drucker-Colin et al.,
1984)
,
which decreases with age, so reductions in VIP
immunostaining may underlie the parallel decrease in the
amount of time aged animals spend in REM sleep. Reductions
in central AVP-ir fiber density in multiple brain areas have
also been observed in the senescent rat brain (Fliers et
al., 1985; Goudsmit et al., 1988), but none of these areas
receives innervation from the SCN. Changes in AVP-ir cells
in the SCN have been observed (Roozendaal et al., 1987),
however, which were in fact comparable to those observed in
VIP cells. Nevertheless, no significant reduction in overall
cell number was observed in this study, which appears to
corroborate the earlier findings of Peng et al. (1980) . The
interpretative difficulty is in how to understand the
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reductions in immunoreactive cells if there apparently is no
accompanying reduction in cell numbers as a whole. One
possibility may be that neuronal losses are compensated by
increases in glial cells. Or it may be that decreases in AVP
immunostaining reflect changes in peptide content within the
cell, which in turn reflect alterations in cellular
metabolism (Roozendaal et al., 1987).
Human Disorders of Circadian Functioning During Senescence
The attempt to establish a morphological substrate in
the SCN that may underlie disturbed circadian rhythms in
senescence has been made in human subjects. For instance,
decreases in SCN volume and in AVP-ir cell number have been
observed in the SCN of both aged men and women (Swaab et
al., 1985). These reductions—which were as high as 54% of
AVP-ir cells in the SCN—appear to have an abrupt onset
rather than an accumulative decline throughout adulthood. No
significant effect on nucleic volume or cell number has been
observed among any age group—which ranged from neonates to
centenarians—until the eighth decade of life (Hofman et
al., 1988). However, dramatic cell losses have been observed
in the SDN-POA of human subjects beginning in the fifth
decade of life (Goudsmit et al., 1990; Hofman and Swaab,
1989; Swaab and Fliers, 1985). If humans show projections
from the SCN to the SDN-POA similar to those observed in
gerbils, these structural changes in the SCN and the SDN-POA
might be causative factors in changes in circadian rhythms
of reproductive functions in senescence. Indeed, there are
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dense projections in the human SDN-POA comparable to the
AVP-ir cluster in the SDApc of gerbils (De Vries and Yahr,
1987) . However, the structural changes appear delayed
relative to the onset of disturbances in rhythm. in
addition, the origin of AVP-ir fibers in the human SDN-POA
is not known.
The Effects of Injury to the Human SCN
The implications of injury to the SCN is not restricted
to dysregulations of sexual and other rhythms. Injury to the
SCN or its efferents have been implicated as well in
dysregulations of cognitive functioning. For instance, a
case is reported of a 34-year-old woman with a
craniopharyngioma in the suprasellar region that encased
portions of her optic tract, and that adhered to the ventral
region of the anterior hypothalamus, including the SCN.
After the tumor had been excised, a post-surgical MRI
disclosed residual injury to the sellar and suprasellar
region that involved the SCN, the optic chiasm and the
rostrum of the corpus callosum. Minimal loss of right
prefrontal cortical tissue was likewise noted (Cohen and
Albers, 1991). After carefully evaluating the patient's
cognitive performance with repeated administrations over
time of a neuropsychological battery of psychometric tests,
the authors found that the patient endured significant
impairments in her ability to sustain attention, and on
measures of learning and executive control. Of particular
note was the variability of her performance: over the course
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of three administrations of the assessment instruments, she
would at one time succeed at a particular task only to fail
it at a subsequent time. The pattern of her successes and
failures did not correspond to the complexity of the tasks,
which led the authors to conclude that her difficulty lay
not in the particular channels of cognitive performance
being measured, but rather in the fluctuations of the
underlying state of mental arousal. They interpret the
lesions to the SCN as interrupting the pacemaker's role in
modulating levels of arousal generated by lower brain
structures—specifically the reticular system (Cohen and
Albers, 1991)
.
Although this study displays the research possibility
inherent in surgical cases, it also demonstrates the
inherent difficulties of interpretation. The injury
sustained in surgery by this patient was not limited to the
SCN, but in fact involved her corpus callosum and her
prefrontal cortex. And necessarily so: the object of the
surgery was to excise a tumor, and not to inflict a discrete
lesion the precision of which would render more accurate the
interpretation of the consequent functional impairments. As
a result, she has measurable deficits—such as in learning
and in her executive control—that are incompletely
explained by fluctuations in arousal. For instance, the
investigators' raw data indicate a continual recovery of her
ability to formulate verbal concepts with which to organize
her experience. By the third administration of the battery,
the patient approximates the estimation of her premorbid
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functioning. In contrast, there are features of her memory
performance that remain consistently devastated.
Further, the investigators note in passing certain
patterned variations in behavior regarding which they offer
no explanation, but which may reasonably be interpreted as
cycles of affective disturbance. The patient was observed to
swing between "periods of lethargy and psychomotoric
slowing," and periods of "alertness, extreme excitement and
agitation" (Cohen and Albers, 1991) . There were no
instruments of affective assessment in the
neuropsychological battery, and so it is unclear to what
extent these descriptors are meant to delineate
inconsistencies in levels of mere arousal, and to what
extent they describe behavior that includes affective
components. However, a clinical estimation of this behavior
might appropriately suspect the patient cycled through
periods of hypomania (extreme excitement and agitation) and
depression (lethargy and motoric slowing), which were
occurring along with and perhaps influencing the measured
disturbances in attention, memory and learning, logical
operations and psychomotoric performance.
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Possible Role of the SCN in Affective Disorders
Indeed, the patient's post—surgical deficits resemble
those of a clinically depressed woman. Recent research
indicates that the cognitive portrait of depressed patients
resembles a subcortical dementing syndrome the
characteristic cognitive compromises of which include
inattention, slowed mental processing, and decreased verbal
elaboration (Caine 1981) . The pattern of memory failure
demonstrated by depressives displays an impaired recall in
the context of intact recognitive, which suggests particular
difficulty retrieving learned information from episodic, or
context-specific, memory (Dunbar and Lishman, 1984;
Weingartner et al., 1981). As a result, the memory
performance of patients with subcortical disorders is
commonly improved by embedding or recognition formats
(Flowers et al., 1984). This pattern is distinguished from
the amnesia and agnosias observed in "cortical" dementias
such as Alzheimer's disease (Cummings and Benson, 1984).
Memory abnormalities among Alzheimer's patients commonly
reflect a failure to encode information for memory, and by a
rapid decay of memory consolidation, and so patients are
little aided by encoding strategies or cueing (Dick et al.,
1989) .
However, diagnosis of this depression commonly relies
on affective disturbances that include the inertia and lack
of initiative, reduced energy and torpor, anhedonia, and
disruptions of the sleep-wake cycle (American Psychiatric
Association, 1987) that have already been described among
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this patient's symptom portrait. There often can be a loss
of appetite and decreased libido, neither of which were
specifically sampled in this patient. These functions are
under hypothalamic regulation, with the specific involvement
of the SCN in modulating the characteristic pattern of
behaviors (Carlson, 1992, for review). The findings of the
particular experiments under discussion indicates a
particular pathway by which the SCN influences sexual
function of both males and females. Further, the alteration
in the amplitude of the rhythm of cortisol release among
depressives (Van Bardeleben and Holsboer, 1991) also
contributes to the growing conviction that disturbances in
circadian rhythm regulation may be an important component in
the pathophysiology of depression.
Research on the functional connections of the SCN is
likely to further an understanding of the structural
regulations both of salient motivated behaviors, and of an
affective disorder that may disable as many as one person
out of four during the course of a lifetime (American
Psychiatric Association, 1987). Clearer knowledge of such
functional pathways may contribute, for instance, to a finer
specification of drug therapies with which to treat such
clinical disorders as depression, seasonal affective
disorder, and bipolar disease.
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